Objective: The periaqueductal gray matter (PAG), a known modulator of somatic pain transmission, shows evidence of interictal functional and structural abnormalities in migraineurs, which may contribute to hyperexcitability along spinal and trigeminal nociceptive pathways, and lead to the migraine attack. The aim of this study was to examine functional connectivity of the PAG in migraine. Methods: Using resting-state functional MRI, we compared functional connectivity between PAG and a subset of brain areas involved in nociceptive/somatosensory processing and pain modulation in 17 subjects with migraine, during a pain-free state, versus 17 gender-and age-matched controls. We also assessed the relation between intrinsic resting-state correlations within PAG networks and the average monthly frequency of migraine attacks, as well as allodynia. Results: Our findings show stronger connectivity between the PAG and several brain areas within nociceptive and somatosensory processing pathways in migraineurs versus controls. In addition, as the monthly frequency of migraine attacks worsens, the strength of the connectivity in some areas within these pathways increases, whereas a significant decrease in functional resting-state connectivity between the PAG and brain regions with a predominant role in pain modulation (prefrontal cortex, anterior cingulate, amygdala) can be evidenced. Finally, migraineurs with a history of allodynia exhibit significantly reduced connectivity between PAG, prefrontal regions, and anterior cingulate compared to migraineurs without allodynia. Interpretation: These data reveal interictal dysfunctional dynamics within pain pathways in migraine manifested as an impairment of the descending pain modulatory circuits, likely leading to loss of pain inhibition, and hyperexcitability primarily in nociceptive areas. ANN NEUROL 2011;70:838-845 C urrent concepts of migraine suggest that a broad sensory processing dysfunction characterizes this common neurological disorder, and identify the periaqueductal gray matter (PAG), a known modulator of somatic pain transmission, as one of the key areas in the pathophysiology of migraine headache. The relevance of the PAG involved in the pathogenesis of migraine is further supported by reports of subjects without headache who developed migraine-like episodes after stereotactic placement of electrodes in this area of brainstem.
C urrent concepts of migraine suggest that a broad sensory processing dysfunction characterizes this common neurological disorder, and identify the periaqueductal gray matter (PAG), a known modulator of somatic pain transmission, as one of the key areas in the pathophysiology of migraine headache. The relevance of the PAG involved in the pathogenesis of migraine is further supported by reports of subjects without headache who developed migraine-like episodes after stereotactic placement of electrodes in this area of brainstem. 1, 2 Abnormalities in the PAG of migraineurs are often paralleled by structural changes in functionally and/or anatomically connected brain regions involved in pain processing and modulation. [3] [4] [5] [6] [7] [8] [9] A prevailing theory in the pathogenesis of the migraine attack is that hyperexcitability develops along the trigeminovascular pathway, probably facilitated by a dysfunction of the descending pain modulatory circuits. Functional magnetic resonance imaging (fMRI) studies of the interictal phase of migraine show hypofunction of pain modulatory circuits in response to thermal stimuli, and a specific involvement of the nucleus cuneiformis (NCF) in the brainstem, 10 a structure extensively connected to the PAG and sharing its modulatory effects on pain perception. Interictal altered dynamics within pain pathways might therefore contribute to the development of the migraine attack. Task fMRI findings, however, reflect task-related increases of neuronal metabolism that are small, <5% compared to the metabolism of the brain at rest. 11 Thus, it is critical to take into account brain activity that occurs in the absence of external stimulation to understand better how pain networks function and adapt in migraineurs. Clarifying this aspect will have important implications for understanding the pathogenesis of migraine, and for disclosing similarities and potential differences with other chronic pain conditions. During migraine attacks, in about 2 = 3 of patients, allodynia, the perception of pain to normally innocuous stimulation, may be manifested. 12 Migraineurs with allodynia show a significant drop in pain thresholds to mechanical and thermal stimulation of cephalic and extracephalic skin, a phenomenon not observed in the absence of migraine. 12, 13 Experimental studies have demonstrated that the neurophysiological correlate of allodynia is sensitization along the trigeminovascular pathway, an increased afferent barrage for an unchanged peripheral stimulus. 14, 15 Speculations exist whether this sensitization can be indirectly activated through pain modulatory neurons in the brainstem. We used resting-state fMRI, a technique that allows identification of correlations during rest between remote brain areas (functional connectivity) through their highly correlated low-frequency spontaneous fluctuations, 16 to investigate intrinsic connectivity within the PAG in 17 patients with episodic migraine during a pain-free period (ie, the interictal phase) and in 17 gender-and agematched healthy controls. Given that connectivity within pain pathways may be dysfunctional outside episodes of migraine pain, even in the absence of external pain stimulation, and that accumulating evidence suggests that this might lead to the development of the migraine attack, we focused our approach on a subset of brain areas involved in the processing and modulation of somatosensory and pain signals. We tested the hypotheses that: (1) intrinsic connectivity within the PAG and somatosensory/ pain processing and modulatory pathways would be dysfunctional in migraineurs relative to age-matched healthy subjects; and that 2) these alterations would be associated with disease severity as measured by the frequency of migraine attacks per month. A further aim was to assess functional connectivity differences within PAG circuits between patients who reported allodynia during the migraine attack and patients without allodynia.
Subjects and Methods

Subjects
Demographic and clinical characteristics of migraineurs are shown in Table 1 17 were included in the study. All patients were migraine free for at least 72 hours at the time of MRI, had no medical or psychiatric condition other than migraine, had no history of medication overuse, and were without any prophylactic or chronic medication for at least 1 year prior to study entry. All migraineurs included in the study had a normal neurological examination.
Seventeen gender-and age-matched healthy subjects (15 females; mean 6 SD age, 31.9 6 8.45 years) with no history of migraine or other headache types, and free from any chronic medical condition and any chronic treatment, were included as controls.
The local ethics committee of our institution approved all experimental procedures of the study, and written informed consent was obtained from each study participant.
Acquisition
All subjects underwent anatomical and functional scanning on a 3T Tim Trio scanner (Siemens, Erlangen, Germany) with a 32-channel Siemens head-coil. 
Postprocessing
Images were processed using the FMRIB software library (FSL; http://www.fmrib.ox.ac.uk/fsl/). Data were motion corrected to the middle frame in each series using MCFLIRT 18 and spatially smoothed with a 6mm full width half maximal 3D Gaussian kernel using FSL's Smallest Univariate Segment Assimilating Nucleus (SUSAN). Nonbrain areas of the scan were removed using Brain Extraction Tool (BET). 19 Grand-mean intensity normalization of the entire 4D dataset by a single multiplicative factor was performed, as well as high-pass temporal filtering (Gaussian-weighted least-squares straight line fitting, with sigma ¼ 60.0 seconds) . Each time series was prewhitened. 20 Independent component analysis using multivariate exploratory linear optimized decomposition into independent components (MELODIC) was run to remove structured noise from the data.
Registration of functional and anatomical data was performed using FMRIB's Linear Image Registration Tool (FLIRT). Nonlinear registration using FMRIB's Nonlinear Image Registration Tool (FNIRT) was applied between the subject's structural and the standard space (the Montreal Neurological Institute [MNI] 2mm brain). Seeds were manually selected in standard space based on the anatomy. The right and left PAG were selected as regions of interest (peak MNI coordinates: left PAG ¼ À2, À28, À6; right PAG ¼ 4, À28, À6, with 3mm radius). We chose these seed locations based on our previous findings of interictal fractional anisotropy changes in the PAG in another population of migraineurs. Average time courses were extracted from these seeds using FSL's featquery function. The preprocessed time series were then fitted with a linear model consisting of a regressor representing the extracted time courses. A temporal derivative of that regressor was entered into the model, to allow the general linear model to compensate for latency offsets in the hemodynamic response of different brain regions, and to compensate for slice timing differences in the acquisition. In addition, motion correction parameters were used as distracter regressors. The spatially normalized effect size and standard error volumes served as input to a mixed effects group analysis in fMRI expert analysis tool (FSL)'s FEAT based on the method described by Beckmann et al. 21 The modeled group effect size and standard error were then divided to produce a volume whose voxels were T scores, subsequently transformed to Z scores. Images were thresholded using clusters determined by Z > 2.3 and a corrected cluster significance threshold of p ¼ 0.05, including at least 20 contiguous voxels. 22 The thresholded Z maps were then sampled on the cortical surface of an individual subject using the inverse coordinate transformation between this individual's native space and the group MNI space. Within-and between-group comparisons of correlation effect size were performed using 1-sample t test in each group and unpaired t test in controls versus migraineurs. Correlation analysis with the monthly frequency of migraine was performed by including the mean number of migraine attacks of each patient as a regressor. Because we did not detect laterality differences between the 2 seeds used, results for left and right PAG were grouped together.
Results
Results of intrinsic functional connectivity of the PAG in migraineurs and controls are shown in Supplementary Table 1 and Figure 1 . In both groups, we found predominantly positive correlations between PAG and nearby structures, including the brainstem (mostly the midbrain), thalamus, putamen, parahippocampus, amygdala (only in controls), and cerebellum, and with distant regions, including the anterior cingulate, frontal and temporal cortex, and left insula (only in controls), although correlations with these cortical areas were more prevalent in migraineurs than in controls. Migraineurs showed additional positive correlations in the Supplementary  Fig) . Seeds with a 3mm radius were selected in a subset of these areas using the peak MNI coordinates in Table 2 . Average time courses were extracted from each seed using FSL's featquery function, and correlation analysis with both right and left PAG time courses was performed using linear regression. The resulting r values were entered into singlesample t tests with the null hypothesis of 0 for the mean r value of the group using Bonferroni correction for multiple comparisons (Supplementary Table 2 ). We did not find any increased intrinsic connectivity between PAG and other pain regions in controls compared to migraineurs.
In patients, we found that the higher the monthly frequency, the greater the connectivity between the PAG and some of the brain areas that showed significantly higher correlations compared to controls (Table 3 , Fig 2) . We observed a similar positive correlation between the monthly frequency of migraine episodes and resting state correlations between the PAG, the NCF, and the hypothalamus (see Fig 2) .
Interestingly, an increased monthly frequency of migraine attacks was associated with reduced functional connectivity between the PAG and several regions of the prefrontal cortex, anterior cingulate, amygdala, and medial thalamus (Table 4, see Fig 2) .
Subjects with migraine were asked to fill out a questionnaire to determine if they usually developed allodynia during the migraine attack. Five subjects reported a history of either cephalic or extracephalic allodynia during migraines. The comparison of functional resting-state connectivity in these patients (mean 6 SD age, 35.6 6 7.2 years) versus 5 gender-and age-matched migraineurs with no history of allodynia (mean 6 SD age, 36.8 6 5.9 years) showed that migraineurs who develop pain in response to normally innocuous stimulation have significantly reduced connectivity between PAG, prefrontal regions, anterior cingulate, and anterior insula compared to subjects without allodynia (Table 5, Fig 3) .
Discussion
Our findings demonstrate an interictal increase in restingstate intrinsic connectivity between the PAG and both nociceptive and sensory processing pathways in migraineurs relative to age-and gender-matched controls. Connectivity in some of these pathways was stronger as the monthly frequency of migraine attacks increased. Conversely, the greater the number of attacks was, the lower the functional resting-state connectivity appeared to be between the PAG and several brain regions with a predominant role in pain modulation (prefrontal cortex, anterior cingulate, amygdala). Because the occurrence of the next migraine attack was not recorded, whether the observed association between migraine frequency and changes in PAG connectivity reflects either an adaptive mechanism or an abnormal status in cortical excitability that predisposes to a migraine attack needs to be further clarified. Excitability in the visual cortex has been shown to increase interictally in pediatric migraine without aura, although it tends to decrease or normalize in the peri-ictal period. 23 Previous neuroimaging findings indicate that the brainstem covers a crucial role in acute migraine, 24 and positron emission tomography (PET) studies report metabolic changes in either the dorsal rostral brainstem or in the locus coeruleus and dorsal raphe nucleus of migraineurs. 25, 26 Dysfunction of the regulation of the brainstem pain-inhibiting circuitry, of which the PAG is best known, may provide an explanation for many of the facets of migraine headache. Compared to healthy subjects, migraineurs showed, in the absence of any pain, significantly greater intrinsic connectivity between PAG and several brain regions, including thalamus, posterior parietal cortex (angular and supramarginal gyri), anterior insula, S1, M1, and partly S2. S1, S2, anterior insula, and thalamus are part of the fundamental core network found active by several neuroimaging studies in different pain conditions; activity in other regions including the posterior parietal cortex and M1 has also been reported in nociception. 27 These findings could reflect a condition of hyperexcitability of pain pathways within the central nervous system (CNS), which is thought to represent a crucial event in the pathophysiology of migraine. Transcranial magnetic stimulation (TMS) and magnetoencephalography studies have shown generalized interictal changes of excitability in the cerebral cortex in migraine, with alteration of excitability in the motor and visual cortices. [28] [29] [30] [31] [32] [33] In addition, in patients with unilateral migraine, in a headachefree condition, diffuse hypersensitivity of the peripheral nerves has been measured, leading to further evidence of the presence of a state of hyperexcitability of the CNS of migraineurs. 34 Interestingly, central hyperexcitability does not seem to be a feature of either chronic tension or cervicogenic headaches, which are characterized by different pathogenetic and clinical features than migraine. 35 A systematic investigation of intrinsic connectivity patterns of the PAG by resting-state fMRI in a large cohort of healthy subjects reports that PAG activity is positively correlated with surrounding subcortical brain regions, including midbrain tegmentum, substantia nigra, raphe nucleus, thalamus, and hypothalamus, as well as with cortical regions, including the anterior cingulate and anterior insula. 36 In our study, in some of these areas (anterior insula, NCF in the midbrain, and hypothalamus), the strength of intrinsic connectivity with PAG positively correlated with disease severity as measured by the number of migraine episodes per month. Additional areas involved in nociception and somatosensory processing, including S2 and the posterior parietal cortex, also showed increased resting-state connectivity with PAG with increasing monthly frequency of migraine attacks. The finding that intrinsic hypothalamic correlations with PAG are related to the frequency of migraine attacks extends previous PET data that have first described activation of the hypothalamus in migraineurs during the headache phase, which persisted after headache remission with sumatriptan. 37 Although specific hypothalamic activations have been consistently observed in cluster headache and linked to the autonomic manifestations of trigeminal autonomic cephalalgias, the role of the hypothalamus in migraine has not yet been clarified. 24 The hypothalamus is integrated in the hypothalamic-pituitary-adrenal (HPA) axis, which is also involved in mood disorders such as stress and anxiety. In addition to pain modulation, the PAG is well known to participate in mood and emotion regulation, which may also be carried out through a pathway involving the HPA axis. 36 In this context, although subjects with depression were excluded from our study, an increase in the intrinsic correlations between PAG and hypothalamus in relation to the frequency of migraine attacks can be viewed as part of a stress/anxiety response of the brain to worsening of the disease. Behavioral data assessing anxiety levels in patients with migraine may help to clarify this aspect. In migraineurs, we also found that the greater the frequency of migraine episodes was, the lower the restingstate functional connectivity appeared to be between PAG and several brain foci, mostly located in the bilateral prefrontal (medial, dorsomedial) cortex, but also in the anterior cingulate and amygdala, both involved in descending pain modulation and nociception, 27 and in somatosensory processing regions, including the angular gyrus (posterior parietal cortex), right S1, and M1. The pattern, however, was clearly dominated by a widespread reduced connectivity between PAG and prefrontal cortex that correlated with the increase in migraine attack frequency. Pain studies have emphasized the role of prefrontal areas in controlling the functional interactions among key nociceptive brain regions to modify the perceptual correlates of pain, specifically by driving endogenous pain-inhibitory mechanisms. 27, 38 Our findings could therefore indicate an interictal dysfunction of the descending inhibitory system that in turns contributes to the development of migraines. TMS and PET imaging demonstrated that in patients with chronic migraine, increase in visual cortical excitability is accompanied by brainstem activation and inhibition of specific cortical areas, including the medial frontal and parietal cortex, and somatosensory areas, suggesting a potential dysfunction of inhibitory pathways. 39 Interestingly, this pattern of significantly reduced connectivity between PAG, prefrontal cortex, and anterior cingulate was also observed in migraineurs with allodynia compared to migraineurs without allodynia, corroborating the hypothesis that pain modulatory neurons might be involved in the development of allodynia. Taken together, our data demonstrate the presence of interictal dysfunctional dynamics within PAG networks in episodic migraine. Because resting brain activity is either increased or decreased within multiple networks in other chronic pain conditions, including fibromyalgia 40 and diabetic neuropathic pain, 41 future studies may clarify whether the changes that we observed within the PAG networks can be interpreted as a brain signature of migraine, or rather are shared by other chronic pain conditions. 
